We have isolated a clonal line reversed (rev) of homozygous Japanese flounder through gynogenesis. The homozygous offspring gynogenetically produced from rev exhibited reversal of organization of the metamorphic L/R asymmetry such as the direction of eyemigration at a high frequency (20-30%). The molecular analysis using a left-specific marker pitx2 revealed that the embryonic L/R axis was ambiguously established: in more than half of rev embryos, pitx2 was expressed bilaterally in the lateral plate mesoderm (LPM). Previous studies in other animals demonstrated that ectopic pitx2 expression in the LPM could cause laterality defects of the visceral organs. Likewise, our results using rev imply that bilateral pitx2 expression could lead to randomization of the visceral organs. Coincidence of ectopic pitx2 expression and reversal of the direction of eye-migration in the population of rev offspring suggests that the rev locus is critical in specification of both the metamorphic and the visceral L/R asymmetries. However, reversal of the sidedness of the orientation of the visceral organs was not always accompanied by reversal of the direction of metamorphic eye-migration, suggesting that different mechanisms should be involved downstream of the rev locus in directing these two phases of asymmetric morphogenesis in the Japanese flounder. q
Introduction
Most vertebrates appear bilaterally symmetric, but their internal organs are asymmetric. In Japanese flounder Paralichthys olivaceus, the situations are different; there are two phases of L/R asymmetric morphogenesis in development. It hatches as an externally symmetric larva, whose internal organs are asymmetrically orientated as those of other vertebrates. In addition, it undergoes metamorphosis and becomes an externally asymmetric juvenile. Metamorphosis in flounder is characterized by drastic morphological changes; the right eye migrates to the left side of the head, and the pigments differentiate only on the left side of the body. L/R asymmetry of the external body shape is established long after the internal organs are oriented asymmetrically, which is one of the characteristic events specific to the flounders. It is not clear what mechanism rules the L/ R bias of the metamorphosis, nor even whether the visceral and the metamorphic L/R asymmetries are organized depending on the common L/R molecular information.
Recently, it has been revealed that the asymmetric orientation of the internal organs is controlled by the molecular pathways which establish the embryonic L/R axis and precede the organogenesis (Capdevila et al., 2000) . All the vertebrates examined to date have a common signaling molecule related to Nodal (Collignon et al., 1996; Levin et al., 1995; Lohr et al., 1997; Lowe et al., 1996; Sampath et al., 1997; Sampath et al., 1998) , which is expressed in the left lateral plate mesoderm (LPM) and induces left-side specific expression of a bicoid-type homeobox gene pitx2. A role of Pitx2 as a left determinant is also conserved among verte-brates, such as mouse, chick, frog, and zebrafish (Bisgrove et al., 2000; Campione et al., 1999; Essner et al., 2000; Harvey, 1998; Kitamura et al., 1999; Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998) . pitx2 misexpression can cause laterality defects in various vertebrates: ectopic expression of pitx2 affected heart and gut laterality in frog and chick; pitx2-deficient mice displayed right pulmonary isomerism (Lin et al., 1999; Lu et al., 1999) . A pitx2-related gene, BbPtx, is expressed in a left-specific manner in lancelets (Yasui et al., 2000) . These lines of evidence suggest that Pitx2 is a key mediator of L/R information directing asymmetric development of the internal organs in a wide variety of animals.
Artificial gynogenesis has become available in many kinds of fish (Chourrout, 1982; Ijiri, 1980; Pelegri and SchulteMerker, 1999) . This powerful technique enables us to screen phenotypic mutants caused by the meiotic effect, directly as a homozygote (Fig. 1A) . In Japanese flounder, because of its prolificity, a gynogenetic treatment allows a large scale screening of mutations resulting from several hundred thousands of meiosis. We have isolated an interesting line of clonal homozygote named 'reversed (rev)', whose homozygous offspring produced through gynogenesis display reversed metamorphic L/R asymmetry at a high frequency.
In this paper, we present an investigation in which we examined the visceral and the metamorphic L/R asymmetries in rev mutant. Our results suggest the absence of the relationship between the visceral and the metamorphic L/R asymmetries. We propose that the directionality of the metamorphic L/R asymmetry be determined by the rev locus, which also controls the embryonic L/R axis, but that it be controlled by some specific mechanism distinct from what controls the L/R asymmetric orientation of the internal organs.
Results

The clonal family reversed was identified as part of a screen for morphogenetic defects in metamorphosis in Japanese flounder
Clonal homozygotes were generated through gynogenesis from eggs of natural Japanese flounder. After insemination with UV-irradiated sperm from a red seabream, the eggs were subjected to a hydrostatic pressure shock to suppress the first mitotic division. This resulted in production of a variety of homozygous offspring (F1) including a parent of rev. A second gynogenesis was performed using these homozygotes as a donor of eggs. F2 generations were produced gynogenetically through diploidization by retention of the second polar body (Fig. 1A,B) .
We found that the F2 rev family exhibited reversal of the direction of eye-migration at a high frequency (20-30%) (Fig. 1B,C) . They have a comparable viability before and after metamorphosis to the other F2 generation of clonal homozygotes (e.g. 95C-8, see below). Some of the individuals (F2) were reared and stocked in the laboratory for analysis of L/R determination of the metamorphosis. Another clonal line (95C-8), whose homozygous offspring lack pigments during larval and juvenile stages, was isolated in the same series of screening (Fig. 1C,D) . These data suggest that the artificial gynogenesis screening is an easy and suitable technique for isolation of mutants that can survive to adulthood. The gynogenesis technique allowed us to maintain the mutant line through homozygous passages.
Several pools of the F3 homozygous juveniles from rev, from 95C-8, or from normal matings of wild-type pairs were examined for sidedness of metamorphic eye-migration. rev siblings exhibited reversal of eye-migration at a statistically higher rate than the other pools (Tabata et al., unpublished data) . In F3 generation of rev family, the juveniles exhibited reversal of the direction of eye-migration in a similar manner to F2 (Fig. 1D) . The data suggests that the metamorphic L/R asymmetry is genetically regulated, possibly by the rev locus.
DNA fingerprint analyses using two distinct minisatellites as a probe indicate that each family of the clones exhibited the same pattern of the fingerprints while each individual of the wild-type produced by natural breeding in our laboratory showed a pattern different from each other (Fig. 2) . These data suggest that production of clonal homozygotes was carried out successfully and that individuals of F2 and F3 rev were genetically identical although the body shape after metamorphosis varied (dextral and sinistral) in them. There are two different treatments that can be used for diploidization of the maternal genome. A hydrostatic pressure treatment suppresses the first mitotic cell division, and a cold shock treatment suppresses the second meiotic cell division. If wild-type eggs were treated with a cold shock, partially heterozygous genomes would be produced instead of complete homozygous ones. Therefore, we treated wild-type eggs with a hydrostatic pressure, so that we could produce F1 mutants which were homozygous but different from each other. Then, we treated the cohorts of eggs of F1 mother with a cold shock to produce F2 homozygotes which were identical to each other. Heterogenous genomes of the P eggs are drawn in blue and red. A hypothetical site of mutation is indicated in yellow. (B) Scheme for establishment of rev family and production of experimental samples. Homozygous clones (F1) were produced through mitotic gynogenesis from a natural female flounder. F2 generation was established through meiotic gynogenesis and several families including rev were isolated by phenotypic screening for defects in metamorphosis. Embryo and juvenile samples were obtained by another manipulation of meiotic gynogenesis using eggs from an F2 individual. (C) F2 families. One of rev clones displayed reversal of the metamorphic L/R orientation of the body (a), while others in stock of rev did not (b). Another clonal family (95C-8) whose offspring were used as a control is shown (c). Scale bar ¼ 10 cm. (D) F3 generation of rev family. A majority of rev juveniles (upper right) displayed a normal body shape as in the wild-type (upper left). Twenty to thirty percent of the offspring from rev exhibited a reversed shape of the body along L/R axis (lower left). All the homozygous juveniles of 95C-8 lacked the pigments (lower right), although they grew up to be gradually pigmented into an adult (C,c). Scale bar ¼ 5 mm.
Isolation of Japanese flounder pitx2 cDNA
Pitx2 is an important left determinant of the visceral organs, being expressed for a relatively long period in the left LPM as well as in its derivatives (Capdevila et al., 2000; Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998) . In order to analyze the embryonic L/ R axis of the flounder, we isolated pitx2 cDNA for the use of a genetic marker. The obtained cDNA contained a 2113 bp fragment, and the deduced amino acid sequence displayed the highest similarity to zebrafish Pitx2c. Sequence analysis of the Japanese flounder pitx2 cDNA revealed an open reading frame of 312 amino acid residues, which exhibited 90% overall identity with the zebrafish Pitx2c protein (Fig. 3) . The amino acid sequence of homeodomain (residues 79-138) was completely conserved among all vertebrates (Fig. 3) . Thus, the obtained pitx2 is a likely ortholog of zebrafish, frog, chick and mouse pitx2 genes.
Expression of pitx2 in reversed embryos
The previous studies in chick, frog, and zebrafish have revealed that pitx2 is expressed from segmentation to pharyngula period asymmetrically in the LPM (Capdevila et al., 2000) . The asymmetric activity of pitx2 triggers the L/R asymmetric orientation of the internal organs. We examined the pitx2 expression at a mid-somitogenesis period in normal flounder embryo in order to confirm that the leftsided expression of pitx2 was evolutionarily conserved in Japanese flounder. As a result, pitx2 transcript was detected by in situ hybridization specifically in the left LPM in addition to bilateral expression in other regions such as cephalic mesoderm and a part of neurons of the trunk (data not shown, refer to Fig. 4) , in a similar pattern to zebrafish pitx2 . The result suggests that an asymmetric organ development of the flounder was regulated by the left-sided activity of Pitx2 as is seen in other vertebrates.
Next, we examined the sidedness of pitx2 expression in the LPM using rev offspring. The results are shown in Fig. 4 . Forty-three percent of the embryos (31 out of 72) exhibited pitx2 expression only in the left LPM (Fig. 4B) as the control (95C-8) family did (Fig. 4A) . Intriguingly, however, more than half (53%, 38 out of 72) of the embryos displayed its expression in both of left and right sides: left-side expression is obviously stronger than right-side expression in 6% (Fig. 4D) , and vice versa in 4% (Fig. 4E) ; in the remaining 43%, pitx2 expression was bilateral without apparent L/R bias (Fig. 4C) . A small part (4%) of the siblings exhibited pitx2 expression only in the right side (Fig. 4F) . In all the embryos examined, pitx2 expression was detected in the LPM on both or either side(s). Transverse sections further revealed that the ectopic expression in the right side also occurs in the LPM (Fig. 4G,H) . These lines of data suggest that the genetic pathway controlling the left-sided expression of pitx2 in the LPM be disrupted in rev and the molecular pathway inducing pitx2 on the left functions on the right as well.
The siblings were further reared to be juveniles exhibiting the L/R asymmetrical body shape. The directionality of the eye-migration at metamorphosis was examined. Twenty percent (12 out of 59) displayed dextral type of eye-disposition, the remaining individuals were of sinistral type as the normal Japanese flounders.
Another clonal line (95C-8) was examined as a control for gynogenetic treatment. 91% (67 out of 74) displays pitx2 expression in the left LPM at a pharyngula period, while pitx2 was expressed bilaterally in the remaining 9%. The siblings of 95C-8 in this experiment did not exhibit reversed directionality of eye-migration at all.
The directionality of the eye-migration and the L/R orientation of the visceral organs
Next question was whether the altered pattern of pitx2 expression is directly associated with the frequent occurrence of reversed eye-migration in rev. To address this, it was necessary to examine both of the embryonic and the metamorphic L/R axes in each single individual of rev siblings, since the phenotype of rev mutant was variable in aspects of embryonic pitx2 expression and direction of the metamorphic eye-migration. Therefore, we attempted to clarify these two aspects at the same time by examining the direction of gut-coiling and eye-migration in each rev individual after metamorphosis. The direction of gut-coiling can be translated into the embryonic pitx2 expression because it is known that Pitx2 directs the L/R asymmetry of the visceral organs (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998) . The result is shown in Fig.  5 . From the left (eyed) side view in the normal sample, we can see a gut rotating clockwise toward the right (non-eyed) side and an anal in the backside, and the lobe of the liver on this (left) side bigger (Fig. 5A) . If the metamorphic L/R axis is correlated with the embryonic L/R axis, we could observe only the complete mirror-image reversal where the reversed orientation of the visceral organs was always accompanied by the reversed eye-disposition (Fig. 5B) . In fact, however, the reversal of the gut-coiling did not always coincide with reversal of the metamorphic L/R asymmetry. Only either of the metamorphic or the visceral L/R asymmetry could be reversed in some of the offspring, indicated by the presence of four individuals with right eyed-side and normal visceral handedness and two individuals with left eyed-side and abnormal visceral handedness (Fig. 5B) . Meanwhile, the reversely-eyed individuals had reversed visceral orientation at a high frequency (5/9) in comparison with the normallyeyed ones having reversed visceral L/R asymmetry (2/39) (Fig. 5B) .
Discussion
Reversal of the metamorphic eye-migration often happens in reversed homozygotes
The directionality of this metamorphic L/R asymmetry seems to be genetically controlled since L/R bias of metamorphosis is fixed in Japanese flounder beyond generation. In the distant past, to know the inheritance of the metamorphic asymmetry in the flounder, an interesting experiment of making crosses was done using starry flounder Platichthys stellatus whose distribution of laterality is random (Policansky, 1979) . Analyses of the offspring from pairs of both left-and right-sided parents gave a conclusion that there was some genetic control of the directionality of the metamorphic asymmetry, although any clear mechanisms were not implicated.
Using Japanese flounder Paralichthys olivaceus as a material, we have succeeded in isolating a homozygous mutant for rev, whose metamorphic eye-migration was not In another 43% of the embryos from rev, pitx2 was expressed bilaterally without apparent L/R bias (C). In 4% and 6%, pitx2 expression was observed bilaterally but in left-and right-biased fashions, respectively (D,E). Four percent exhibited pitx2 expression only in the right side (F). Sections in (G,H) reveal that pitx2 expression domain locates in the left LPM. Right-sided expression of pitx2 is also detected in the LPM as shown in H. (A-F) Dorsal view, anterior to the top. (G,H) Posterior view, dorsal to the top. nt, neural tube; nc, notochord; sm, somite. Fifty-nine juveniles in rev family were subjected to examine the L/R laterality of the visceral organs as well as the direction of eye-migration. Results are shown as number of samples. Note that samples are not selected randomly (the rate of reversal of eye-migration at 18.6%, being less than 20-30% observed in total offspring).
limited to the leftward. This result suggests that the direction of the metamorphic eye-migration is controlled by the rev locus.
3.2. Upstream regulator of left-sided pitx2 expression is disrupted in reversed rev homozygotes exhibited altered expression patterns of pitx2 at a high frequency (Fig. 4) . In more than half of the offspring pitx2 expression during embryogenesis was bilateral in the LPM, while less than half displayed pitx2 expression only on the left side. Although the offspring were genetically identical homozygotes (Fig. 2 ), they were variable in laterality of pitx2 expression in the LPM. The laterality of pitx2 expression in the LPM does not seem to be completely random in rev, since a large portion (approximately 40%) still displayed a specific expression of pitx2 in the left LPM as the wild-type embryo (Fig. 4) . Only a small percentage showed a confined expression on the right. In every embryo from rev, pitx2 expression in the LPM was present on either left or right, or on both sides. Thus, we speculate that the upstream regulator to confine pitx2 expression in the LPM to the left is affected in rev.
the reversed locus controls both the embryonic and the metamorphic L/R asymmetries in Japanese flounder
Our experiments showed that in a large portion of rev embryos pitx2 expression in the LPM was bilateral (Fig.  4) , suggesting that the rev locus is involved in patterning the embryonic L/R axis. Reversal of gut-coiling often happened in rev juveniles, which could reflect the abnormal pitx2 expression in the LPM, as reported in other vertebrate mutants (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998) .
Because of the viability of rev mutants, we could recognize the metamorphic phenotype of reversed eye-migration in the screening. Although rev juveniles manifested the phenotype at a relatively low frequency, it is suggested that the rev locus is involved in determining the handedness of the eye-migration as well as in patterning the embryonic L/R axis.
Further analysis revealed that the direction of eye-migration was not correlated with the sidedness of the orientation of the visceral organs (Fig. 5) . This suggests that the direction of eye-migration is not determined by the structural or molecular information of the L/R axis retained in the visceral organs.
These lines of data suggest that the embryonic and the metamorphic L/R axes are both specified by the rev locus, but that the different mechanisms are involved in the downstream of the rev locus. In addition, reversal of the visceral L/R asymmetry was observed more frequently in the juveniles with reversed eye-disposition than in those with normal eye-disposition, implying that specification of the embryonic and the metamorphic L/R axes are not completely independent.
Experimental procedures
Fish
Artificial gynogenesis was performed twice to obtain the second generation of diploid homozygotes including rev (Fig. 1A) . A female flounder was purchased alive from a market, maintained in the laboratory, and used as a donor of eggs for the first gynogenesis. Eggs were inseminated with UV-irradiated sperm from a red seabream Pagrus major, and subjected to a hydrostatic pressure shock of 650 kg/ cm for 6 min, 60 min after fertilization in order to suppress the first mitotic division. We reared these homozygous diploid offspring (F1) for 2 years and obtained several sexually matured females. Using these homozygous females as a donor of eggs, we performed a second gynogenesis as described above. However, this time diploidization was attained by the retention of the second polar body through a cold shock of 08C for 45 min. Then we reared the offspring and obtained several families (F2) of clonal lines of homozygotes whose homozygous offspring exhibit an intriguing phenotype including reversal of the metamorphic L/R asymmetry and defect in pigmentation. This third generation of clonal flounders was used as embryos and juveniles subjected to the experimental work in this study (Fig. 1B) .
DNA fingerprints
Genomic DNA was prepared from a small piece of the tail fin and digested with HaeIII. Approximately 7.5 mg of the DNA were applied on each lane and separated by 1.3% agarose gel electrophoresis, transferred onto a nylon membrane (Gene Screen Plus, NEN) and fixed. Oligonucleotide, (GACA)4 or (GAAT)4, was labeled with digoxigenin (Roche) and hybridized to the blots at 428C in a solution containing 5 £ NaCl/Cit (1 £ NaCl/Cit ¼ 150 mM sodium chloride, 15 mM sodium citrate), 1% Blocking reagent (Roche), 0.1% N-lauroylsarcosine, 0.02% SDS. After hybridization, the membrane was washed twice with 2 £ NaCl/Cit, 0.1% SDS, and twice with 0.1 £ NaCl/Cit, 0.1% SDS, at 428C. Signals were detected with CDP-star detection reagent (Pharmacia) following to the immunoreaction with anti-digoxigenin AP, Fab fragment (Roche).
cDNA cloning of pitx2
A 1013 bp fragment of the zebrafish pitx2 cDNA was obtained from zebrafish embryonic mRNA by RT-PCR. Two PCR primers were designed to amplify zebrafish pitx2 cDNA whose nucleotide sequence was reported previously: 5 0 -BamHI site 1 CAAAGTAAAAACGAAG-ATTC-3 0 (sense) and 5 0 -BamHI site 1 CTGTCCAAAA-TTGAAACGTC-3 0 (antisense), corresponding to the nucleotide sequences 571-590 and 1564-1583 of zebrafish pitx2c, respectively. The PCR involved 30 cycles: 948C for 10 s; 608C for 30 s; 728C for 90 s. The resulting PCR fragment was cloned into BamHI site of pBluescript II and confirmed by DNA sequencing. The obtained fragment of zebrafish pitx2 cDNA was used to screen a lambda ZAP cDNA Japanese flounder library described previously (Suzuki et al., 1998) . The cDNA in lambda ZAP was converted into a pBluescript (pBS-pitx2) by in vivo excision according to the manufacturer's protocol. Japanese flounder pitx2 cDNA was subjected to DNA sequencing using an ABI 377 automated DNA sequencer (nucleotide sequence of Japanese flounder pitx2 cDNA was deposited in a database DDBJ under accession number AB050722). The resulting sequence was analyzed using the Clustal W alignment program.
In situ hybridization
Whole-mount in situ hybridization was performed principally as described (Jowett and Yan, 1996) . To make a pitx2 antisense probe, pBS-pitx2 was digested with Sal I, and antisense pitx2 RNA was synthesized using T3 RNA polymerase and digoxigenin-labeled UTP (Roche). BM purple AP (Roche) was used as an alkaline phosphatase substrate. Pictures were taken using AxioPlan-2 microscope (Carl Zweiss) and HC-2500 3CCD camera (Fuji Film). Figures were assembled using Adobe Photoshop, version 5.5.
